[1] Sudden impulses (SIs) are an important source of ultra low frequency (ULF) wave activity throughout the Earth's magnetosphere. Most SI-induced ULF wave events have been reported in the dayside magnetosphere; it is not clear when and how SIs drive ULF wave activity in the nightside plasma sheet. We examined the ULF response of the nightside plasma sheet to SIs using an ensemble of 13 SI events observed by THEMIS (Timed History of Events and Macroscale Interactions during Substorms) satellites (probes). Only three of these events resulted in ULF wave activity. The periods of the waves are found to be 3.3, 6.0, and 7.6 min. East-west magnetic and radial electric field perturbations, which typically indicate the toroidal mode, are found to be stronger and can have phase relationships consistent with standing waves. Our results suggest that the two largest-amplitude ULF responses to SIs in the nightside plasma sheet are tailward-moving vortices, which have previously been reported, and the dynamic response of cross-tail currents in the magnetotail to maintain force balance with the solar wind, which has not previously been reported as a ULF wave driver. Both mechanisms could potentially drive standing Alfvén waves (toroidal modes) observed via the field-line resonance mechanism. Furthermore, both involve frequency selection and a preference for certain driving conditions that can explain the small number of ULF wave events associated with SIs in the nightside plasma sheet.
Introduction
[2] Ultra low frequency (ULF) waves play an important role in energy transport from the solar wind into the magnetosphere [e.g., Glassmeier et al., 1999; McPherron, 2005; Kivelson, 2006; and references therein] . For example, they modulate auroral activity [e.g., Greenwald and Walker, 1980; Samson et al., 1996] , heat the ionosphere [e.g., Glassmeier et al., 1999; Rae et al., 2007; Hartinger et al., 2011] , and interact with magnetospheric particles [e.g., Southwood and Kivelson, 1981; Baumjohann et al., 1983; Zong et al., 2009] . One of the most important mechanisms for ULF wave energy transfer is resonant coupling between fast and shear Alfvén wave modes known as field-line resonance (FLR) [e.g., Southwood, 1974] .
[3] Rapid compressions of the Earth's magnetosphere, sudden impulses (SIs) are typically caused by extremely fast increase of solar wind dynamic pressure often associated with interplanetary shocks. SIs can drive different types of ULF activity, including shear Alfvén waves and tailward moving vortices associated with magnetopause surface waves [Sibeck, 1990; Southwood and Kivelson, 1990] . Most in situ observations of ULF waves induced by sudden impulses have been on the dayside [Kaufmann and Walker, 1974; Nopper et al., 1982; Wilken et al., 1982; Baumjohann et al., 1984; Wedeken et al., 1984; Cahill et al., 1990; Sarris et al., 2010; Hartinger et al., 2011] . For example, using recent THEMIS multisatellite data, Sarris et al. [2010] studied temporal and spatial characteristics of FLRs in the dayside magnetosphere. Eriksson et al. [2006] found that solar wind pressure enhancements can excite waveguide modes that can couple to toroidal and poloidal mode waves in the dayside magnetosphere.
[4] There have been a few studies of ULF wave activity on the nightside which did not specifically examine the response to SIs [e.g., Sarafopoulos and Sarris, 1994; Zheng et al., 2006; Zhang et al., 2010; Tian et al., 2012] . For example, Sarafopoulos and Sarris [1994] presented three case studies of ULF wave events in the magnetotail that were consistent with a tailward-moving vortex associated with a magnetopause surface wave. Zheng et al. [2006] reported a low frequency FLR event in the mid-tail using coordinated in situ and ground-based observations. Tian et al. [2012] observed ULF waves in the magnetotail and interpreted them as FLRs driven by cavity/waveguide modes in the nightside outer magnetosphere after a period of long-lasting northward interplanetary magnetic field (IMF). Yao et al. [2010] reported oscillations in the ULF frequency range on the nightside following SI events, but they did not analyze the wave properties or provide a wave excitation mechanism.
[5] The ULF response of the magnetotail to SIs, an important driver of ULF wave activity in the dayside magnetosphere, remains an open question. In this paper, we examine the response of the nightside magnetosphere to 13 SI events and find only three cases with ULF wave activity. In section 2, we describe how we selected these three ULF wave events and show data from each event; all three include observations in the solar wind and in the nightside magnetosphere (at a geocentric distance of about 9-11 Re). In section 3, we compare our observations with several mechanisms that could excite ULF waves during SI events, showing that tailwardmoving vortices and dynamic force balance between the solar wind and magnetotail are most consistent with the observations. We summarize our results in the last section.
Observation Overview
[6] We use data from the five satellite THEMIS mission [Angelopoulos, 2008] . Solar wind and IMF data are from the Wind satellite [Farrell et al., 1995; Gloeckler et al., 1995] , Cluster satellites [Balogh et al., 2001; Reme et al., 2001] , and THEMIS satellites. Three-second spin resolution data from a fluxgate magnetometer (FGM) [Auster et al., 2008] and an ion and electron electrostatic analyzer (ESA) [McFadden et al., 2008] onboard THEMIS are used.
[7] We examined 13 SI events associated with interplanetary shocks or solar wind dynamic pressure enhancements during which at least one THEMIS probe was in the magnetotail (positions shown in Figure 1 ); 30 observations are associated with these SI events, because multiple THEMIS probes were in the tail in many events. Among the 13 events, we found three in which at least one THEMIS probe observed clear wave activity (one event was in the duskside, one in the dawnside ,and one near midnight, as marked in Figure 1 ). The arrows in the plots indicate the peak velocity during the first 1/2 waveform, which show that most cases had an initial response although not all cases have ULF wave observations. From Figure 1a , we find that most arrows point to the tail and the y = 0 plane, consistent with compression due to shock/dynamic pressure.
[8] We identified clear wave activity using two techniques: an index representing the duration of wave activity in the frequency band of peak power spectral density (period between 1 and 15 min) and visual inspection.
[9] To obtain the index value for each event, we first performed a wavelet transform on the x component of the velocity perturbation (from ESA data). Next, we selected the frequency band (between~1 and 17 mHz) with peak power spectral density during the SI. Finally, we recorded the length of time in this frequency band for the power spectral density to reduce to half of its original value; the index is this time length normalized to the wave period (consistent with the selected frequency band). This index defines how many periods before the wave at the frequency with peak power damps to half of the beginning value.
[10] Ideally, this index is directly related to the duration of wave activity. To verify this, we visually inspected velocity traces for each event, finding that events with higher indexes had wave activity of longer duration; these events also typically had larger amplitude and more monochromatic wave activity. We conclude that this index can be used to automatically identify ULF wave events and separate them quantitatively from weak or transient responses to SIs. In one or two (e.g., 3 March 2009) of the 30 total observations, visual inspection showed that the index was not a good measure of wave activity duration or clarity, owing to the low time resolution of the wavelet analysis at low frequencies.
[11] The indices of all the events are listed in Table 1 . The three events with very clear wave activity (29 March 2011 , 11 April 2010 , and 24 April 2009 had high index values Figure 1 . Position of the THEMIS probes for events in which shock or dynamic pressure enhancement were observed in the solar wind and sudden impulses were observed by THEMIS in the magnetotail. Events marked by green-filled circles are studied in this paper. Arrows indicate the initial velocity perturbation induced by the sudden impulse (a) in the GSE xy plane and (b) in the GSM x-dz plane, where dz is the distance to the neutral sheet using a model [Hammond et al., 1994] . The curve in Figure 1a is the nominal magnetopause location, calculated using Shue et al. 's [1998] model with Dp = 2 nPa and Bz = 1 nT.
relative to other events (for at least one THEMIS probe observations) and were the easiest to identify as ULF wave events during visual inspection. Figure 1b shows that in these three cases the probes were close to the neutral sheet. In this section, we will describe the observational features of these three events.
The 29 March 2011 Event in the Dawn Flank Magnetotail
[12] On 29 March 2011 at~15:50 UT, THEMIS B and C were in the solar wind at (36.4, À42.4, À11.7) Re and (26.3,À50.1,À15.5) Re, respectively, both in GSM coordinates. Figure 2 shows THEMIS C observations in the solar wind. At~15:55 UT an interplanetary shock was observed and the solar wind dynamic pressure increased from 0.6 to 1.4 nPa. The shock normal is along (À0.94, À0.05, 0.35) calculated from mixed coplanarity theory [Abraham-Shrauner, 1972] in GSM coordinates. We can get the shock velocity along the normal based on mass flux conservation, which is 414 km/s. Normal and velocity can be confirmed with an error of~4% by the timing of THEMIS B and C.
[13] At about 16:02 UT THEMIS D was in the magnetotail at approximately (À6.74, À8.91, 0.96) Re in GSM coordinates (R~11.21 Re), with THEMIS A and E nearby. All three probes observed magnetotail compression during the shock passage, or SI. Figure 3 shows THEMIS D observations. Immediately after the sudden impulse, a clear quasisinusoidal wave signature with a period of~6 min was found; it lasted at least half an hour, damping gradually. Magnetic field perturbations with similar periods were also seen, although they were not as clear as the velocity data.
[14] Figure 4 shows band-pass-filtered (2.77 AE 1 mHz) magnetic field and electric field (obtained from V Â B) data in a field-aligned coordinate system [e.g., Hartinger et al., 2011] in which y points eastward, z is along the background magnetic field (direction obtained from low pass-filtered data, frequency <0.5 mHz), and x completes the orthogonal set pointing approximately radially outward.
[15] Perturbations in Ex and By are typically associated with toroidal modes, or Alfvén waves with low azimuthal wave number; perturbations in Ey and Bx are associated with poloidal modes or Alfvén waves with high azimuthal wave number [e.g., Dungey, 1954 Dungey, , 1963 Southwood and Hughes, 1983] . The compressional component Bz can be associated with fast mode waves or poloidal mode Alfvén waves. Perturbations associated with the toroidal mode are stronger for this case. After an initial transient associated with the SI, the phase difference between the magnetic and electric field, shown in Figure 4e , is consistent with standing wave activity, as indicated by the 90 phase difference between Ex and By. The standing property of the transverse wave activity suggests that energy from compression of the magnetosphere was converted to standing Alfvén waves via field line resonance (FLR) [Southwood, 1974] . THEMIS A and E, which were close to THEMIS D (THEMIS A had a z separation of~0.8 Re), also observed standing Alfvén wave activity (toroidal mode).
The 11 April 2010 Event in the Central Magnetotail
[16] Figure 5 shows THEMIS B observations in the solar wind on 11 April, 2010. At~12:57 UT an interplanetary shock front was encountered by THEMIS B. The dynamic pressure changed from 0.6 to 1.5 nPa after the shock, which is very similar to the 29 March 2011 event. From the mixed coplanarity method of the shock, we can get the shock normal, which is confirmed by the Timing method [Russell et al., 1983] for multiple spacecraft in the solar wind from Cluster magnetic field data. The shock normal is along (À0.96, 0.27, À0.03) GSM, with a propagation speed of 363.3 km/s. Normal and velocity can be confirmed by the timing of THEMIS B in (45.2, 35.9, 4.4) GSM and C at (À125.5, À54.3, À24.5) GSM in the solar wind with a difference of 8%.
[17] At~13:04:25 THEMIS A, D, and E (with~0.8 Re separations) observed the SI followed by the wave with a period of 3.3 min, as seen clearly from the ion velocity data at approximately (À8.49, À3.71, 1.78) Re ( Figure 6 ). Figure 7 indicates large amplitude perturbations in the components associated with the toroidal mode (Ex, by), but the phase difference is not stable at a value close to 90 , as in the previous event. This could be because standing Alfvén waves are heavily damped in this region. If the wave is heavily damped, the main observation would be the transient response to the SI, which would not be effectively captured by the band pass filter (the result would be an unstable phase difference which is not physically meaningful).
The 24 April 2009 Event in the Dusk Flank Magnetotail
[18] For this case, the Wind satellite, which was in the solar wind, detected a shock (see Figure 8 ) with a dynamic pressure increase from~0.7 to 1.7 nPa. THEMIS D in the dusk magnetotail observed clear wave activity periods of 7.6 min after the SI at 00:53 UT, as shown in Figure 9 . Ex and by have the largest perturbations and a phase relationship indicating standing wave activity (Figure 10 ). Note that THEMIS E, which was located~1 Re closer to the Earth, observed oscillations with much smaller amplitude than observed by THEMIS D. This difference was also evident in the ULF wave index for each observation, 2.5 for THEMIS D and 1.4 for THEMIS E.
Discussion
[19] We examined 13 SI events associated with interplanetary shocks or solar wind dynamic pressure enhancements, finding three in which ULF waves were excited in the magnetotail (Figure 1) . In two cases, after an initial transient, standing Alfvén waves consistent with toroidal modes were excited; in the other case, standing Alfvén waves may have been excited but were heavily damped. In at least one of these three cases, THEMIS probes located at different positions in the magnetotail did not observe clear ULF wave activity, suggesting that the wave activity might be localized. In the other 10 SI events, clear wave activity, as determined by visual inspection and a ULF wave index defined in section 2, was not observed by any THEMIS probes. Lui and Cheng [2001] calculated the FLR (standing Alfvén wave) frequency based on the Earth's dipole field and in their results, when R = 11.4 Re, the frequency of the odd mode is 5.58 mHz. This is close to but higher than our observations, as expected for an un-stretched dipole field. Rankin et al. [2000] provide an equation for the number density along the field line and then use an empirical model with a stretched field (T96) to compute the standing Alfvén wave frequencies in a cold plasma. For the third event, we calculated the field line resonance frequency using their model assuming the density in the equatorial plane is 1 n/cm 3 and obtain the toroidal frequency of the fundamental mode to be 3.4 mHz. This is close to the observations for events 1 and 3 and within the uncertainty expected for these model frequencies [e.g., Berube et al., 2006] . These model comparisons are additional evidence that standing Alfvén waves, possibly generated by FLR, were observed. In events 1 and 3, the probes were close to the location where the field line resonance condition was met (driving frequency matches the local resonance frequency), and phase differences between the electric and magnetic field perturbations consistent with standing Alfvén waves were observed. In event 2, the probe was likely further from the resonance location and observed perturbations consistent with heavily damped standing Alfvén waves.
[20] In this section, we discuss several possible mechanisms for ULF wave excitation in these events.
[21] 1. Surface waves at the magnetopause driven by the Kelvin-Helmholtz instability Significant shear flows in the magnetosheath can make the magnetopause unstable to the growth of surface waves; these surface waves can in turn couple to standing Alfvén waves via FLR inside the magnetosphere [Chen and Hasegawa, 1974; Southwood, 1974] . For shocks or pressure pulses impinging on the magnetosphere in our study, a possible scenario would be that the magnetopause was unstable before and after the pressure pulse, but a perturbation was required for the waves to grow to large amplitude (sufficiently large to be detected by THEMIS probes). Fluctuations in the magnetic field magnitude are one of the indicators of evanescent surface waves if we observe decaying amplitude with increasing distance from the magnetopause. However, for the cases examined here in which the probes were close together, decaying amplitude with increasing distance from the magnetopause was not observed. Also, velocity shear at the magnetopause is an essential component of magnetopause surface wave growth via the Kelvin-Helmholtz instability, yet there was nothing exceptional about the velocity shear in the three cases out of 13 in which ULF waves were excited. In particular, the hourly averaged solar wind velocity, the dominant contributor to the shear flow, was in the range of 350-450 km/s for all three cases. Most of the events without ULF waves fell within or above this range; in two cases without waves, Figure 4 . Field in field-aligned coordinates measured by THEMIS D and phase differences between magnetic and electric field components. (a) By-Ex, (b) Ex-By, (c) Ey-Bz, (d) Ex-Bz, and (e) phase difference between magnetic and electric field. The data have been band pass filtered in the range of 2.8 AE 1 mHz. Note that the large changes in phase seen in the bottom panel are due to wrap-around, i.e., the phase between Ex and by was changing gradually at 15:57 UT and did not abruptly increase by 360 .
the solar wind flow speed was above 520 km/s. If the KelvinHelmholtz instability were the main explanation for the presence or absence of ULF wave activity, we would expect solar wind flow speed, which affects the growth rate of magnetopause surface waves, to be larger for events with wave activity. The absence of this relationship argues against the Kelvin-Helmholtz instability as the main mechanism for driving ULF waves following SI events. Furthermore, we found nothing exceptional about the orientation of the IMF (which also affects the Kelvin-Helmholtz stability of the magnetopause) in the three cases with ULF waves when compared to the other 10 cases. We conclude that surface waves driven by the Kelvin-Helmoltz instability are an unlikely source of ULF wave activity in these events.
[22] 2. Cavity/waveguide modes When a solar wind pressure pulse compresses the magnetosphere, it generates compressional waves with a broadband frequency spectrum. A cavity mode [Kivelson and Southwood, 1985] or a waveguide mode [Walker et al., 1992; Rickard and Wright, 1994; 1995] can act as a frequency filter for these compressional waves, selecting only frequencies equal to the eigenfrequencies of the cavity or waveguide. These compressional waves with discrete frequencies can then transfer energy to Alfvén waves with the same frequencies. It was difficult to apply cavity/waveguide theory to our observations. We notice that the Ex perturbations (representative Alfvén wave activity-toroidal mode) for the three cases of clear ULF wave activity started immediately after the SI. If there were a cavity/waveguide mode providing energy to the Alfvén waves, normally some time would be required for energy transfer via FLR as modeled [Mann et al., 1995] and observed in some cases [e.g., Eriksson et al., 2006] , and the Alfvén waves would grow gradually. In other words, after the pressure pulse first impinged on the magnetosphere, the global mode would be set up and appear first (if observable), while standing Alfvén waves would grow gradually over a few wave periods. In the events reported in section 2, however, the toroidal mode appears immediately and does not grow over several wave cycles. Waveguide modes are excited during these SI events that may not be easily observed, either because of their low amplitudes or because they ought to have a broadband frequency spectrum in this region, since strong dispersion is expected as energy is transported down the tail . However, these waveguide modes would not be expected to deposit much energy into standing Alfvén waves in the magnetotail, having expended much of the energy available for coupling in the dayside and flank magnetosphere [Rickard and Wright, 1994] . For these reasons, and the timescale of Alfvén wave growth mentioned above, we do not think that cavity/waveguide modes are important for determining the dominant (largest amplitude) ULF response of the magnetotail to SI events.
[23] 3. Direct excitation by a solar wind pressure pulse A pressure pulse from the solar wind has a broadband frequency spectrum. A field line is expected to oscillate at its natural frequency in response to this broadband perturbation [e.g., Samson and Rostoker, 1972; Waters et al., 1995] . In dayside SI events, standing Alfvén waves with a continuum of frequencies corresponding to the natural frequency of each field line have been observed [e.g., Sarris In the three case studies presented in section 2, we do not observe a continuum of frequencies. However, there is only one case (24 April 2009) in which probes had large enough spatial separations to definitively show this; in this case, a probe did not observe significant wave activity that was located~1 Re closer to the Earth than the probe that observed clear wave activity. If Alfvén waves were directly excited by a source with a broadband frequency spectrum, we would have expected nearly all 13 SI events to have resulted in ULF wave activity. Since only 3 of 13 events have clear ULF wave activity and there are no events in which Alfvén waves with a continuum of frequencies are excited, we do not think that direct excitation of Alfvén waves by a source with a broadband frequency spectrum is an important mechanism for driving ULF waves in the magnetotail during these SI events.
[24] 4. Solar wind-magnetotail force balance/magnetopause vortex Sibeck [1990] proposed a model for the shock/magnetosphere interaction. In this model, a single or double vortex near the magnetopause can be generated when a shock passes through the magnetopause. When the change in dynamic pressure first impinges on the magnetosphere, a fast mode compressional wave is excited in the magnetosphere that generally propagates tailward faster than the solar wind. This causes the magnetopause to bulge outward ahead of the change in the solar wind dynamic pressure and inward once the solar wind perturbation compresses the magnetopause. These outward and inward bulges in turn create vortex structures inside the magnetosphere [Sibeck, 1990] . The properties of the magnetopause perturbations and vortices depend on both the strength of the solar wind pressure perturbation and the difference between the group velocity of magnetospheric fast mode waves and the solar wind velocity. This kind of vortex has previously been reported in the ionosphere from SuperDARN radar or ground magnetometers [e.g., Lyatsky et al., 1999; Motoba et al., 2003; Sibeck et al., 2003; Juusola et al., 2010] . In principle, these vortices can couple to standing shear Alfvén waves via FLR. The location and frequency of the standing Alfvén waves would be determined by the properties of the magnetopause perturbations/vortices. We have carried out a global MHD simulation through the Community Coordinated Modeling Center (CCMC) in which we used the OpenGGCM MHD code [Raeder et al., 2008] to run simulations of shock/magnetosphere interaction. In this simulation, the solar wind input data are set to be similar to those in our first event. The dipole tilt is set to be zero. The initial solar wind density is 4.0 n/cm 3 , while the temperature is 20,000.0 K and velocity is (À320, 0, 0) km/s in GSE. The IMF is set to be (0, 3, 3) nT in GSE. When the shock arrives, the density, temperature, velocity and magnetic field changes to be 7 n/cm 3 , 30,000.0 K, (À380, 0, 0) km/s, and (0, 7, 5) nT in GSE in 10 s. From the simulation results, we find that compression of the magnetopause launches a fast mode wave in the magnetosphere that propagates faster than the pressure pulse in the magnetosheath, as Sibeck [1990] predicted. For this reason, we find that the tailward flow enhancement due to the propagation of this fast wave is earlier (~2 mins-this is consistent with a calculation using observations from THE-MIS B, C, and D) than the flow enhancement in the sheath. A tailward-moving single vortex at the dawn and dusk side of the magnetopause can also be found in the simulation results, as shown in Figure 11 , which is consistent with Sibeck ' [1990] model. This kind of tailward-moving vortex is evident in one event (24 April 2009) from observation of three different probes (THEMIS B, C, and D) at different locations, which will be discussed in detail in another paper. In the positions at which the shock passes in the simulation box, we can find velocity vectors first tailward and then earthward, similar to our observed ULF wave signatures at the beginning of the SI event, although after the vortex passes this motion stops. The simulation results suggest that probes in the near Earth plasma sheet will see ULF wave signatures consistent with a shock-induced vortex during the early stages of shock passage. Later wave activity cannot be explained by the vortex. Standing Alfvén wave activity is not captured well by MHD simulations, however, and our observations of later wave activity could be standing Alfvén waves driven by the vortex via FLR.
[25] The Sibeck [1990] model is an appealing explanation for the ULF response of the magnetotail to an SI for a number of reasons:
[26] 1. An MHD simulation of one of the events clearly demonstrates the presence of the vortex/magnetopause perturbation.
[27] 2. The velocity perturbations associated with the vortex can excite longer-lasting standing Alfvén wave activity via FLR.
[28] 3. The vortex may not be present or fully developed for all events (depending on the amplitude of solar wind dynamic pressure perturbation and the difference between the magnetospheric fast mode group velocity and solar wind velocity). This can partially explain why ULF wave activity was only observed in 3 of 13 SI events.
[29] 4. The vortex will only excite standing Alfvén waves at certain frequencies and locations, determined by the azimuthal phase velocity of the vortex . Furthermore, the signature of the vortex itself may only be apparent near the magnetopause. Thus, a probe must be properly positioned in the magnetotail in order to observe Alfvén wave activity related to the vortex. This can also partially explain why only 3 of 13 SI events had ULF wave activity: there may have been wave activity present, but the THEMIS probes were not appropriately positioned to observe it.
[30] The Sibeck [1990] model is particularly suitable for explaining the presence or absence of ULF waves near the flank magnetosphere (e.g., 29 March 2011 and 24 April 2009). However, using this model to explain the presence of wave activity near the central magnetotail (11 April 2010) requires an assumption that vortices are generated with scale lengths comparable to half of the cross-tail distance. We do not know if that is a realistic assumption as we are not aware of any studies placing limits on the cross-tail scale of these vortices. We can at least say that either these vortices extend very deep into the magnetotail in cases such as 11 April 2010 or another mechanism must be involved to excite waves deep in the magnetotail. [31] These waves may be caused by another mechanism related to the force balance between the solar wind and the magnetotail. When the shock hits the magnetosphere, the compressional wave generated at the sub-solar point [e.g., Sugiura et al., 1968; Sibeck, 1990] firstly causes the plasma to move tailward. Later, the magnetopause currents will be enhanced when the lateral pressure on the magnetopause in the tail increases [e.g., Kawano et al., 1992; Kim et al., 2004; Huttunen et al., 2005] . The cross-tail current enhancement (due to the closure of stronger magnetopause currents) causes a J Â B force on the tail plasma directed earthward, opposing the initial tailward plasma motion. Long duration wave activity may be set up via FLR if the timescale between the initial tailward push and later earthward push matches the natural frequency of the field line there. The advantage of this mechanism over the Sibeck [1990] model is that it could effectively drive ULF wave activity throughout the magnetotail rather than being restricted to locations near the magnetopause. As in the Sibeck [1990] model, the frequency and location of ULF waves resulting from the mechanism will depend on the difference between the velocity of fast mode waves in the magnetosphere and the solar wind velocity.
[32] We cannot unambiguously differentiate these two mechanisms using data from our observed ULF wave events. However, we can at least say that both can explain why only a small subset of SI events had observable ULF waves. Furthermore, the Sibeck [1990] model provides a ready explanation for initial wave activity for events with observations near the magnetopause.
[33] To summarize the results of this section, we considered several mechanisms that are typically used to explain the presence of ULF wave activity. After comparing with our observations, we found that only two mechanisms could explain the presence of ULF wave activity following SI events:
[34] 1. The Kelvin-Helmholtz instability cannot explain the presence or absence of ULF waves in the SI events considered in this study. Wave amplitudes are not observed to decrease with increasing distance from the magnetopause and there is no clear relationship between velocity shear (solar wind flow speed)/IMF orientation and wave activity.
[35] 2. Cavity/waveguide modes cannot explain the presence or absence of ULF waves because Alfvén wave activity begins immediately after the passage of the SI and waves are excited in the magnetotail (remote from the location where waveguide modes would be expected to couple most effectively to Alfvén waves).
[36] 3. Solar wind pressure pulses cannot explain the presence or absence of ULF waves because multi-point observations did not reveal a continuum of Alfven wave frequencies at different radial distances and ULF waves were only observed in 3 of 13 events.
[37] 4. A tailward-moving vortex, consistent with the Sibeck [1990] model, can explain the presence or absence of ULF waves in 3 of 13 events (although one event would require a vortex that extends deep into the tail) because it would involve a frequency selection (waves would only be observed when probes are appropriately positioned-otherwise, only a transient response would be observed), the vortex would not fully develop in all cases, and an MHD simulation for one event confirms the vortex as a valid explanation.
[38] 5. A dynamic response of the magnetotail to maintain force balance with the solar wind could also explain the presence or absence of ULF waves in 3 of 13 events, since it would also involve a frequency selection. We proposed this mechanism to explain ULF waves excited deep in the magnetotail for one SI event in particular; it is possible that a tailwardmoving vortex could also have excited these waves, but a large vortex length scale would be required to achieve this.
Summary
[39] We studied the magnetotail response to interplanetary shocks or dynamic pressure enhancements in 13 events and found that ULF waves were excited in three events. These ULF wave events had perturbations consistent with toroidal modes that were likely excited by tailward moving vortices predicted by the Sibeck [1990] model of the response of the magnetosphere to a dynamic pressure pulse or by the dynamic response of the magnetotail to maintain force balance with the solar wind. The operation of either of these mechanisms can explain why only 3 of 13 events had ULF wave activity. These mechanisms can also explain why steady ULF wave activity is not observed at all locations in the magnetotail during SI events.
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